Introduction
Recent advances in the strength and toughness of bioceramics, and the high demands of young and active knee replacement patients, have led to increasing interest in the feasibility of ceramics for use in total knee arthroplasty (TKA). For many decades, hip joint replacements containing a ceramic component have displayed considerably reduced wear rates relative to an equivalent implant containing a conventional metallic component (e.g., [1] ). Such devices are common in both Europe and Asia. Low wear mitigates the risk of component loosening associated with debris-induced osteolysis, which is the most common reason for implant revision [2] . The more complex nature of knee joint articulation, the increased fracture risk of ceramics compared with conventional metallic compounds, and manufacturing costs have prevented development of all-ceramic knee implants to date. However, recently-developed alumina-matrix-composite ceramics with increased fracture toughness, together with improvements in ceramic manufacturing technology, may change this. A multi-centre clinical study involving a femoral ceramic component articulating with a polyethylene inlay has shown highly promising results [3] , and all-ceramic bearings show indications of even further reductions in wear. Such "hard-hard" bearings are presumed to require a high surface conformity to eliminate point or line loading and minimize the risk of crack incidence and propagation.
Aim
The aim of this study was to understand the influence on wear behaviour of geometrical conformity of the femoral component and the inlay, for a ceramic-on-ceramic bearing under knee joint conditions.
Methods
Seven pairs of simplified knee implant components were manufactured from an alumina-matrix-composite bioceramic (BIOLOX® delta, CeramTec GmbH, Plochingen, Germany). The femoral component and inlay were simplified to have semi-cylindrical and planar geometries in the sagittal plane, respectively, and differences in frontalplane radius from -0.6 mm to 8.2 mm. All component pairs were tested to 3 million cycles on a wear simulator with a rolling-gliding mechanism (Fig. 1 , [4] ). The static load was 714 N, corresponding to a typical mean knee compartment load during the stance phase of normal walking. The specimens were tested in a calf serum solution diluted to 20g/L protein. Gravimetric wear analysis was performed using standardized methods, and volumetric wear was computed using the material density. An optical wear analysis technique was used to provide a second, independent set of wear data. A laser profilometer (μscan®, Nanofocus AG, Oberhausen, Germany) was used to digitise the worn surfaces, estimates of the initial surfaces were generated based on digitisation of the nonworn surfaces, and a calculation of the volume difference was performed using MountainsMap® software (Digital Surf, Besançon, France). The measurements recorded from the laser profilometer were also used to compute the surface areas affected by wear.
Results
Four component pairs with zero or low positive congruence (semicylinder radius ≤ plate radius) displayed wear rates of 1.0-1.5 mm 3 per component (Fig. 2) . The remaining pairs, with either negative or high positive congruence, displayed an average wear rate of only 0.2 mm 3 ( Fig. 2) . Confirming previous results, all component pairs showed dramatically reduced volumetric wear rates when compared with a typical metal-polyethylene component pair (7.8mm 3 ), but in the vicinity of a ceramicpolyethylene pair (1.2 mm 3 , low conformity). The optical wear results showed excellent agreement with the gravimetric results. The wear area analysis showed a clear positive relationship between wear area and wear volume, for both the base plates and the counterbodies (Fig. 4) .
Discussion
This study aimed to understand the influence of geometrical conformity on wear behaviour. High wear (i.e., volume loss) was observed for specimens with high levels of conformity in the frontal plane. Low wear was observed both for specimens with low levels of conformity and for specimens with negative conformity. Wear volume vs. wear area Figure 4 : The relationship between wear (expressed by the volume loss after 3 million cycles) and wear area, for the counterbody components. Frontal plane radius differences (mm) are indicated adjacent to data points. The base plate components displayed a similar relationship. The pair with a measured radius difference of 0.0 and high wear may have a slightly negative radius difference in reality, as the radius measurement has some uncertainty.
Increased contact area of the contacting surfaces is the most likely reason for the observed wear behaviour. The strong association between wear area and wear volume supported this possibility, in addition to the results of a follow-up contact area analysis using pressure measurement film (FUJI-FILM Corporation, Tokyo, Japan). Thus, it can be inferred that for this rolling-gliding contact scenario and material pairing, higher stresses associated with reduced contact areas do not increase wear rates. Rather, an increase in conformity seems to generate increased wear because of the number of surface asperities that are in contact. Further wear testing is required to demonstrate any relationships statistically, and much research is required in a variety of areas (e.g., design requirements, resistance to fracture, implantation techniques) before all-ceramic knee prostheses become viable. This study's results have implications for the design of potentially long-lasting knee joint replacement devices suitable for young and active patients.
